A restoration model of distorted electron density in wave-cutoff probe measurement This study investigates the problem of electron density distortion and how the density can be restored in a wave-cutoff probe. Despite recent plasma diagnostics research using a wave-cutoff probe, the problem of electron density distortion caused by plasma conditions has not been resolved. Experimental results indicate that electron density measured using the wave-cutoff method is highly susceptible to variations in the probe tip gap. This electron density distortion is caused by the bulk plasma disturbance between probe tips, and it must be removed for calculating the absolute electron density. To do this, a detailed analytic model was developed using the power balance equation near probe tips. This model demonstrates the characteristics of plasma distortion in wave-cutoff probe measurement and successfully restored the absolute value of electron density with varying probe tip gaps. Quantitative analysis of processing plasma has become an essential element in semiconductor manufacturing 1 due to the design rule shrinkage of semiconductor devices. Plasma analysis for mass production processes is generally performed using optical emission spectroscopy (OES), 2,3 and the analytical results are widely used to improve processes, determine end point detection (EPD), and verify process repeatability. Despite this wide range of applications, it is difficult to measure the absolute values of plasma parameters with plasma diagnostics using OES, as many results contain OES port contamination and distorted data, depending on the rf on-time of the plasma reactor. These problems can be resolved by using an electrical probe to measure the absolute values of electron density and electron temperature. Types of electrical probe that can be deployed in a mass production system include the hairpin resonator probe, 4 absorption probe, 5, 6 and wave-cutoff probe. 7, 8 Among these, the wave-cutoff probe is the most recently developed electromagnetic device. Using the wave-cutoff probe is not a completely new concept but a modified microwave diagnostics method suitable for the semiconductor plasma process. 9 The method consists of two probe tips that act as an antenna and a receiver. A 0.1-3.0 GHz electromagnetic wave generated from the source antenna is transmitted through the plasma to the receiver antenna. The transmission spectrum (S21 parameter, 10 S21 ¼ 10log(P T,av /P I,av ), where P T,av is the transmitted time-average power and P I,av is the input time-average power) can then be analyzed with a network analyzer. The minimum of the transmission spectrum is defined as the plasma frequency, 7 and the absolute electron density is calculated using Eq. (1)
where x p is the electron plasma frequency, e is the elementary charge, n e is the electron density, and e 0 and m e represent the permittivity of free space and the electron mass, respectively. Because plasma's the electron density is not calculated based on a complex numerical process, such as differential or integral calculus, using a wave-cutoff probe is more accurate and simpler than other plasma diagnostic methods. Despite these advantages, however, there are unresolved problems in measuring electron density using a wave-cutoff probe. According to a previous research, 8 electron density measurement using a wave-cutoff probe has an upper gas pressure limitation of 125 mTorr. Elevating the pressure of gas discharge increases the electron-neutral collision frequency in bulk plasma. Therefore, the electron motion at x ¼ x p is disturbed by an electron-neutral collision and cannot catch up to the movement of the electromagnetic wave. This electron-neutral collision is the main cause of microwave cut-off disturbance at x ¼ x p . In addition to this limitation, there are many unresolved problems associated with measuring the absolute value of electron density. A typical example is the electron density distortion caused by the variation of wave-cutoff probe tip gap. It has been confirmed that when using a wave cut-off probe, electron density measurement can vary according to the probe tip gap by tens of percent even under identical plasma conditions. This distortion cannot be explained by the conventional wave-cutoff method that calculates electron density n e from plasma frequency x p . Moreover, a theory for compensating for the distortion has not been developed.
In this paper, the electron density distortion in a wavecutoff probe was investigated and its restoration theory was developed. By applying the power balance equation around the probe tip to locally bounded plasma, this analytic model can predict the variation in electron density that varies according to the probe tip gap. Using this analytic model, the electron density distortion, which varies according to gas a) E-mail: mtsconst@kaist.ac.kr 1070-664X/2014/21(2)/023513/6/$30.00
V C 2014 AIP Publishing LLC 21, 023513-1 pressure and the probe tip gap, was quantitatively analyzed, and the absolute value of electron density was successfully restored.
II. EXPERIMENTAL SETUP
The capacitively coupled plasma (CCP) system used in the experiment is shown in Fig. 1(a) . A 200 Â 300 mm rectangular electrode was used for CCP discharge, and the distance between the powered electrode and the grounded electrode was fixed at 60 mm. An rf signal with a frequency of 13.56 MHz was applied to the powered electrode, and plasma was generated in an rf power range of 300-500 W using argon gas. A wave-cutoff probe was connected to a network analyzer (Agilent 8753ES) and installed 16 mm above the powered substrate surface. An electromagnetic wave of 0.1-3.0 GHz, generated from the network analyzer's source port, was transmitted through the plasma to the receiver port. The network analyzer calculates the S21 parameter by analyzing the signals at the source and receiver ports. Figure 1(b) shows the detailed structures of the wave-cutoff probe. The probe tip is of a cylindrical shape made of silver-plated copper-clad steel wire (SPCW, serial number: YET-085/50-TP 11 ) with a length and a diameter of 10 and 0.5 mm, respectively. The electron density was examined at tip gaps of 5, 10, 15, 20, and 25 mm. The minimum bend radius of the coaxial cable used in the experiment was maintained at 3.5 mm because vigorously bending the cable affects the wavetransmission characteristics.
III. ELECTRON DENSITY DISTORTION IN WAVE-CUTOFF PROBE MEASUREMENT
Figures 2(a)-2(d) show the changes in measured electron density while varying the gas pressures from 50 to 125 mTorr and the tip gap from 5 to 25 mm. As the gas pressure is increased, a clear transition in electron density is observed, which becomes more apparent at higher electron density and gas pressure. Because the plasma discharge conditions were fixed at specific levels of rf power and gas pressure, the plasma density under each condition does not change. However, the measured electron density changes according to the probe tip gap, as shown in Figs. 2(a)-2(d), indicating that there was distortion in the measurement.
Figures 3(a) and 3(b) show the wave-cutoff signal changes according to the probe tip gap variation. At gas pressure of 50 mTorr, the wave-cutoff frequency drift caused by a 5-25 mm change in the probe tip gap was about 90 MHz, and the drift increased to about 225 MHz at 125 mTorr. Using only the wave-cutoff signal, we obtained different electron densities according to the probe tip gap even under identical plasma condition. This is a critical problem in electron density measurement using the microwave cut-off method, and there is a need to develop a restoration theory for finding an absolute value of electron density.
Before proposing the electron density restoration model, it should be made clear that the electron density distortion shown in Figs. 2 and 3 are not caused by sheath or presheath overlapping. The thickness of the floating sheath that forms on probe tip surface is roughly 5 times the Debye length ($5k D
7
), which is approximately in the order of a few tens of micrometers. Because the sheath is much thinner than the minimum probe tip gap of 5 mm in this experiment, the sheath that forms near the probe tips cannot overlap. As for the presheath, presheath thickness is of an order comparable to that of plasma's ion-neutral collision length k ion , 12, 13 about 20-80 lm in the 50-125 mTorr pressure range. Therefore, with probe tip gap variations of 5-25 mm, the presheath that forms near the probe tips does not overlap.
IV. POWER BALANCE EQUATION IN THE LOCALLY BOUNDED PLASMA
Figures 4(a) and 4(b) display the power balance equations in bulk plasma and locally bounded plasma, respectively. Assuming an arbitrary surface without physical boundary in bulk plasma, as shown Fig. 4(a) , the power balance equation of the inner surface S can be expressed as
A ef f ¼ 2ð2alh x þ 2dlh y þ 4adh z Þ ffi 4dlh y ; where d; l ) a;
where P local is the locally delivered power within surface S; u ion is the velocity of ion drift that penetrates surface S in bulk plasma; A eff is the effective loss area with a surface dimension of width 2d (probe tip gap, 5-25 mm), height 2a (probe tip diameter, 0.5 mm), and depth l (probe tip length, 10 mm); h x , h y , and h z are edge-to-center electron density ratios in the x, y, and z directions, respectively; and e c is the collisional energy loss 1, 14 in the bulk plasma region. The bulk electron density of local plasma without any physical boundary is determined from Eq. (2) . If the local area of surface S is bounded by the probe tips, Eq. (2) can be modified as
where u B is the Bohm velocity; e T is the total energy loss, 1, 14 which is equal to the sum of collisional energy loss e c and bounded energy loss e b in plasma; and n m is the electron density measured with the wave-cutoff probe. Because the locally bounded area was included in Eq. (4), we have to consider different loss areas. A eff,c and A eff,o in Eq. (5) represent the closed plasma loss areas blocked by the probe tips and the open loss area on surface S, respectively. Using Eq. (2) and Eq. (4), the restored bulk electron density n 0 can be written as
Equation (6) indicates that electron density distortion decreases at smaller probe tip radius a and at larger probe tip gap 2d. The limits a ! 0 and d ! 1 are conditions for unbounded plasma, and distorted electron density n m converges to the absolute electron density n 0 . However, to restore the absolute electron density n 0 using Eq. (6), we need to determine the electron temperature of bulk plasma. In addition, depending on the type of gas used in gas discharge, plasma parameters e c , e b , and u B are necessary. To avoid this cumbersome calculation, the two measurements with different probe tip gaps are distinguished as indices i and j. Now their ratio can be calculated using Eq. (6) as follows:
The probe tip structure shown in Fig. 4 (b) has a sheet geometry that satisfies d, l ) a, and the edge-to-center density ratio h y (d i ), h y (d j ) in y-direction can be approximated as 1 in bulk plasma. Solving Eq. (7) to obtain the absolute electron density n 0
A conventional semiconductor manufacturing gas pressure range 10-150 mTorr satisfies 2d ) k ion . Calculating the edge-to-center density ratio
and d j with different probe tip gaps based on the plasma diffusion equation
where T e and T ion are electron temperature and ion temperature in bulk plasma, respectively. Substituting Eq. (9) into Eq. (8) and rearranging, electron and ion temperatures can be eliminated, and absolute electron density n 0 can be expressed as follows:
Once two measurements (d i , n mi ) and (d j , n mj ) with different probe tip gaps are determined from Eq. (10), bulk plasma's absolute electron density n 0 , which had been distorted by the probe tip, can be restored. with different probe tip gaps. If there is no numerical error in electron density measurement by using the shape of wavecutoff signal, the restored electron density under the same gas pressure and rf power conditions should equal to n 0 . However, as in the wave transmission signal of Fig. 3(b) , multiple peaks can exist around minimum wave transmission, and determining the wave-cutoff frequency (i.e., minimum value of microwave transmission) using only the peak shapes can result in some frequency error. For this reason, the resorted electron density has numerical errors in some combinations of (d i , n mi ), (d j , n mj ). In Fig. 5 , the error is noticeable in (2d i , 2d j ,) combinations of (10, 5) and (15, 10) mm at 125 mTorr. Except for these two combinations, the electron density is restored to an almost constant value. Figure 6 shows the comparison of the restored absolute electron density n 0 and the distorted electron density n m with a 5 mm probe tip gap. The average of (2d i , 2d j ) combinations in Fig. 5 was used for absolute electron density restoration for 300, 400, and 500 W of rf power as well as for 50, 75, 100, and 125 mTorr of gas pressure. As shown in Fig. 6 , the restored absolute electron density n 0 is always larger than the distorted electron density n m , and the difference increases at higher gas pressure. At 100 mTorr or higher, the restored electron density n 0 increases in linear proportion to gas pressure, whereas distorted electron density n m does not increase any further.
Substituting the restored electron density n 0 of Fig. 6 into Eq. (10) and using the measured value (d i , n mi ) with a 5 mm probe tip gap as the boundary condition, which has the largest electron density distortion, the distorted electron density n m at an arbitrary tip gap can be predicted. Figure 7 displays the theoretical prediction of electron density distortions at gas pressures between 50 and 125 mTorr. Compared to the measured electron densities in the Fig. 2 , the results are consistent with the actual distortions caused by increases in gas pressure and rf power.
According to a previous study on wave-cutoff probe using electromagnetic field simulation, 15 electron density measurement does not change even when the probe tip gap varies. This simulation report contradicts the electron density measurements in Fig. 2 . In the previous study, the electromagnetic field simulation of plasma was performed using a solid material based on the Drude dielectric model. 1 Therefore, the electric characteristics of the plasma was identical to those of a passive electrical element. In other words, changing the probe tip gap did not cause variations in the electron density applied to the Drude model. However, in an actual plasma discharge system, locally bounded plasma forms between the probe tips, and plasma characteristics change according to the power balance equation. Therefore, electron density measured using a wave-cutoff probe varies according to the probe tip gap, and the measurement n m must be calibrated using the analytic model proposed in this study. Further study on the diagnostics principle of wave-cutoff method is necessary to explore the physics underlying plasma-microwave interaction, and various types of plasma simulation should be applied to large-scale non-uniform plasma diagnostics.
In this paper, the electron density distortion in wavecutoff probe was investigated and its restoration theory was developed. The analytic model analyzes the locally bounded plasma around wave-cutoff probe tips based on the power balance equation and compensates for the electron density distortion caused by plasma conditions and the probe tip gap, restoring the original bulk electron density. Applied to argon plasma, the analytic model successfully restored absolute electron density that is independent of the probe tip gap. When measuring plasma electron density using a wavecutoff probe at a gas pressure greater than 50 mTorr, the electron density measurement that varies according to the probe tip gap must be calibrated using Eq. (10).
